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The FeoB family proteins are widely distributed
prokaryotic membrane proteins involved in Fe2+
uptake. FeoB consists of N-terminal cytosolic and
C-terminal transmembrane domains. The N-terminal
region of the cytosolic domain is homologous to
small GTPase (G) proteins and is considered to regu-
late Fe2+ uptake. The spacer region connecting the G
and TM domains reportedly functions as a GDP
dissociation inhibitor (GDI)–like domain that stabi-
lizes the GDP-binding state. However, the function
of the G and GDI-like domains in iron uptake remains
unclear. Here, we report the structural and functional
analyses of the FeoB cytosolic domain from Thermo-
toga maritima. The structure-based mutational anal-
ysis indicated that the interaction between the G and
GDI-like domains is important for both the GDI and
Fe2+ uptake activities. On the basis of these results,
we propose a regulatory mechanism of Fe2+ uptake.
INTRODUCTION
Small GTPase proteins are well-known factors that ubiquitously
function in a wide variety of biological processes, including
cellular differentiation, cell motility, and vesicular transport in
eukaryotes (Bourne et al., 1990). Recent studies have demon-
strated that the bacterial GTPases are important for global bio-
logical processes (Caldon and March, 2003), such as ribosome
biogenesis (Tan et al., 2002) and tRNA modification (Cabedo
et al., 1999). The small GTPases generally exist in two conforma-
tional states, to switch the cycles between the active GTP-
binding and inactive GDP-binding states. The switch regions of
small GTPases (switches I and II) are important for processing
guanine nucleotides by interactions with downstream effectors
and for adopting unique conformations, depending on the nucle-
otide state (Stouten et al., 1993).Structure 17, 1345–1The FeoB family proteins are widely distributed prokaryotic
integral membrane proteins involved in the high-affinity Fe2+
uptake systems in various bacteria, such as the pathogen
Helicobacter pylori (Cartron et al., 2006; Kammler et al., 1993).
FeoB consists of an N-terminal cytosolic domain and a C-termi-
nal transmembrane (TM) domain. The N-terminal region of the
cytosolic domain shares sequence homologywith the eukaryotic
small GTPase proteins. The FeoB cytosolic domain, including
the small GTPase domain (G domain), slowly hydrolyzes GTP
and is essential for Fe2+ uptake, and therefore is proposed to
function in the regulation of Fe2+ uptake (Marlovits et al., 2002).
Thus, FeoB has been considered as the ‘‘missing link’’ in the
evolution of G protein–coupled membrane processes in higher
organisms. No other bacterial transporter with a small GTPase
domain has been found. Although cellular iron homeostasis is
critical, because both an excess and a deficiency of iron exert
lethal effects, the functional and mechanistic contributions of
the G domain to the iron uptake have remained largely unsolved.
Recent studies revealed that the spacer region connecting the
G and TM domains functions as a novel GDP dissociation inhib-
itor (GDI)–like domain that specifically stabilizes GDP binding
(Eng et al., 2008). This would be the first example of a regulatory
element with a GDI-like activity in a prokaryotic small GTPase
cycle. In eukaryotes, the role of GDI is not limited to the inhibition
of nucleotide dissociation but is physiologically more important
in partitioning Gproteins between themembrane and the cytosol
(Paduch et al., 2001). Although several structures of eukaryotic
small GTPases complexed with GDI proteins, as well as bacterial
small GTPase proteins alone, have been reported (Buglino et al.,
2002; Chen et al., 1999; Grizot et al., 2001; Scheffzek et al., 2000;
Scrima et al., 2005), no structural homolog to the FeoB cytosolic
domain including the G and GDI-like domains is available. Thus,
the regulatory mechanism of the iron uptake by the G and GDI-
like domains remains unclear.
Here, we report the structural and functional analyses of the
cytosolic domain of the iron transporter FeoB from Thermotoga
maritima. The high-resolution (1.5–2.1 A˚) crystal structures of the
FeoB cytosolic domain revealed a novel interaction between the
G and GDI-like domains. The mutational analysis demonstrated355, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1345
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Interactions Between Small-G and GDI-Like DomainsTable 1. Summary of In Vitro and In Vivo Analyses of Wild-Type and Mutants of FeoB
Region Protein Km (mM)a Kcat (1/s) a Kd (mM)b Functionc
17–269 WT 760 ± 182 0.0176 ± 0.0014 GTP 19.6 ± 1.2 Yes
GDP 14.8 ± 0.4
Switch II 17–269 Y78A 824 ± 242 0.0210 ± 0.0022 GTP 23.4 ± 0.5 Yes
GDP 14.3 ± 0.2
G4 17–269 D132N n.d.d n.d.d GTP n.d.d,e No
GDP n.d.d,e
GDI 17–269 Y189A 1280 ± 234 0.0203 ± 0.0015 GTP 24.0 ± 1.9 Yes
GDP 21.7 ± 0.6
GDI 17–269 D224N 3330 ± 717 0.0596 ± 0.0072 GTP 30.3 ± 1.9 No
GDP 48.8 ± 1.6
aGTPase assays were determined by fitting the Michaelis-Menten equation to the data, using [g-32P]GTP at 85C.
b Affinity constants were determined by ITC.
c Function was assayed by genetic complementation of the E. coli strain RM839 harboring plasmids containing either the wild-type E. coli FeoB or the
FeoB gene mutated in the amino acid positions corresponding to those in T. maritima FeoB. Yes indicates that the mutant complemented, and No
indicates that the mutant did not complement. See Figure S2 for details.
d Not determined.
e The heat changes observed by ITC were too small to determine the thermodynamic parameters.that the conserved Asp residue, which contributes to the interac-
tion between the G and GDI-like domains, is essential for both
the GDI and Fe2+ uptake activities. On the basis of these results,
we propose a novel regulatory mechanism of iron uptake by the
FeoB cytosolic domain.
RESULTS
Biochemical Characterization
The T. maritima FeoB cytosolic domain, encompassing residues
17–269, was expressed in Escherichia coli and purified. We
measured the GTPase activity of the FeoB cytosolic domain
using [g-32P] GTP. There was no detectable GTPase activity at
temperatures below 50C (data not shown), probably because
T. maritima is an extremely thermophilic organism living at tem-
peratures above 80C. The Km and kcat values of GTP hydrolysis
were determined at 85C (Table 1). The slow intrinsic GTPase
turnover rate is typical for small regulatory GTPase proteins.
We also estimated the affinities of the T. maritima FeoB cyto-
solic domain for GTP and GDP, using an isothermal titration
calorimeter (ITC). We used GTP for our experiments, instead of
a nonhydrolyzable GTP analog, GMPPNP, because the nucleo-
tide-binding experiments of E. coli FeoB demonstrated that the
dissociation constant of a nonhydrolyzable GTP analog was
about an order of magnitude lower than the Kd value for GTP
(Eng et al., 2008). Given that the GTPase activity at tempera-
tures below 50C is undetectable, it seemed unlikely that GTP
hydrolysis would interfere with the measurement at 30C. The
determined Kd values were in the micromolar range (14.8 mM
for GTP and 19.6 mM for GDP) (Table 1; see also Table S1 and
Figures S1A and S1B available online). These weak affinities
are common features of the bacterial GTPases, such as Era
(Sullivan et al., 2000) and CgtA (Lin et al., 1999). We also
employed the purified T. maritima FeoB cytosolic domain pro-
teins for an in vitro mutational analysis, to assess the GTPase
and nucleotide-binding activities, and will discuss these results
later.1346 Structure 17, 1345–1355, October 14, 2009 ª2009 Elsevier LtdImportantly, theKd value for GTP is higher than theKd value for
GDP, which would be ascribable to the GDI-like activity of the
T. maritima FeoB cytosolic domain as well as those of other
bacterial species (Eng et al., 2008). It should be noted that, under
physiological conditions (0.1 mM for GDP, 1 mM for GTP;
Lopez et al., 1979), these FeoB cytosolic domains seem to exist
mostly in the GTP-bound form, even with the ‘‘weak’’ GDI activ-
ities. However, it was reported that the presence of the TM
domain drastically increases the GDP-binding affinity over the
level accomplished by the action of the GDI-like domain alone
(Eng et al., 2008). These observations imply that, under physio-
logical conditions, full-length FeoB would predominantly exist
in the GDP-bound form.
In addition to our in vitro biochemical analysis, we also tried to
characterize the in vivo function of full-length T. maritima FeoB
by an Fe2+ uptake complementation system, using E. coli cells.
However, we could not functionally express the full-length
T. maritima FeoB in E. coli cells (data not shown). Thus, we
employed the conventional method for the in vivo analysis, using
the E. coli FeoB gene (Kammler et al., 1993), and will discuss the
in vivo mutational analysis later (Figure S2A).
Taken together, our results demonstrate that the T. maritima
FeoB cytosolic domain has GTPase and nucleotide-binding
activities that are comparable to those of the FeoB cytosolic
domains from different species. Therefore, the T. maritima
FeoB cytosolic domain is a typical member of the FeoB family
proteins and thus would be suitable for functional and structural
studies.
Structure Determination
We solved four crystal structures (1.5–2.1 A˚ resolutions) of the
T. maritima FeoB cytosolic domain (residues 17–269) in the pres-
ence of GDP (forms I and II), GMPPNP, and in the nucleotide-free
state (Figure S3 and Table 2). The asymmetric unit in GDP form II
contains one FeoBmolecule. On the other hand, the asymmetric
units in the other crystal forms, which were crystallized under
essentially identical conditions, contain two FeoB molecules.All rights reserved
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similar to each other (Figures S3 and S4). The Ca RMSD values
between one molecule in GDP form I (molecule A) and the mole-
cules in the other crystal forms are within 0.8 A˚, except for one
molecule in the GMPPNP form (molecule B). Part of the switch
I region (residues 46–49) in the GMPPNP form molecule was
disordered, suggesting the partial flexibility of the switch I region.
As a result, the Ca RMSD value between one molecule in the
GDP form I (molecule A) and the molecule in the GMPPNP
form (molecule B) is relatively high (1.6 A˚). Altogether, no large
structural deviations exist in the switch regions between the
four crystal structures (Figures S3 and S4).
The GDP I and GMPPNP forms displayed similar dimer forma-
tion in the asymmetric unit (Figures S3A and S3B). However, we
did not observe such dimer formation in the GDP form II and the
apo form (Figures S3C and S3D). The gel filtration analysis sug-
gested that the T. maritima FeoB cytosolic domain in the
absence of nucleotide exists as a monomer in solution (Jin
et al., 2009). The molecular weight of the T. maritima FeoB cyto-
solic domain, as estimated by dynamic light scattering (DLS), did
not depend on the presence of GTP, GDP, or GMPPNP (data not
shown). Thus, the FeoB cytosolic domain may function as
a monomer in solution, regardless of the presence of nucleo-
tides. These results are consistent with the observation that
the molecular interfaces in the asymmetric units of the GDP
form I and the GMPPNP form lack extensive hydrophobic inter-
actions. Therefore, wewill first describe themonomeric structure
(GDP form I) with the highest resolution of 1.5 A˚, and then discuss
the structure of one molecule (molecule A) in each crystal form,
unless otherwise stated.
Overall Structure
The FeoB cytosolic domain consists of an N-terminal G domain
(residues 17–178) and a C-terminal GDI-like domain (residues
179–269) (Figure 1). The amino acid sequence of the FeoB G
domain is highly conserved, whereas that of the FeoB GDI-like
domain is weakly conserved (Figure S5).
The G domain comprises a central seven-stranded b sheet
(b1–b7) flanked by six a helices (Na1–Na6) (Figure 1), which
adopt the canonical Ras-like GTPase fold. The GDI-like domain
consists of four a helices (Ca1–a4) following a loop region (resi-
dues 179–189). A DALI homology search (Holm et al., 2008) re-
vealed that the G domain shares high structural similarity with
hundreds of other small GTPases in both eukaryotes and bac-
teria. Among the eukaryotic small GTPases, the FeoB domain
especially resembles the G domains of the Rab family proteins
involved in intracellular vesicle transport, such as the human
Rab5a G domain (Protein Data Bank code 1TU4; RMSD 2.5 A˚
over 149 Ca atoms) and the human Rab11a G domain (Protein
Data Bank code 2D7C; RMSD 2.3 A˚ over 144 Ca atoms). Among
the bacterial small GTPases, the FeoB domain structure espe-
cially resembles those of the G domains that reportedly play
a regulatory role, such as the Obg protein, which is involved in
sporulation (Protein Data Bank code 1UDX; RMSD 2.9 A˚ over
153 Ca atoms), and the TrmE protein, which is involved in
tRNA modification (Protein Data Bank code 1UDX; RMSD 2.9 A˚
over 137 Ca atoms). These bacterial regulatory small GTPases
share higher amino sequence identity (30%) with the FeoB G
domain than the eukaryotic small GTPases. In contrast, theStructure 17, 1345–1GDI-like domain lacks structural similarity with any other protein
structure deposited in the Protein Data Bank and, therefore,
possesses a novel structural fold.
Nucleotide-Binding Sites and Switch Regions
In the GDP form I (Figure 2A) and II (data not shown) and
GMPPNP form (Figure 2B) structures, the electron density peaks
unambiguously showed the GDP and GMPPNP binding, respec-
tively. On the other hand, no electron density peak was observed
around the corresponding region in the apo form structure (data
not shown). In general, small GTPases possess five conserved
amino acid motifs, G1–G5, which are involved in GTP binding,
GTP hydrolysis, and base recognition (Vetter and Wittinghofer,
2001). The bound nucleotides are recognized by the G1 (P loop)
region through extensive hydrophobic and hydrophilic interac-
tions (Figure 2). The highly conserved Asp132 residue in the G4
motif recognizes the guanine base with two hydrogen bonds
(Figure 2). The mutation of Asp132 to Ala abolished the nucleo-
tide-binding (Table 1 and Figures S1E and S1F) as well as the
GTPase activity (Table 1). In addition, a third hydrogen bond
with the guanine base is formed, by the main-chain amide of
Ser159, and thus the guanine base is recognized from the Wat-
son-Crick face. The region around Ser159 is likely to be a G5
element in the canonical small GTPase proteins.
Most of these interactions are conserved in the structures of
other small GTPases complexed with nucleotides. However,
several significant differences exist between them. The switch I
region is far from the nucleotide-binding site in all of the FeoB
cytosolic domain structures (Figures 1; Figures S3 and S4).
Thus, the switch I region would not be involved in either nucleo-
tide or Mg2+ binding, unlike the other canonical small GTPases.
Consistently, the previous mutational analysis of E. coli FeoB
revealed that the mutation of the conserved Thr37 in switch I
(Thr50 in T. maritima FeoB), which coordinates a Mg2+ for GTP
hydrolysis in other canonical small GTPases, did not significantly
affect the GTPase activity (Eng et al., 2008).
Instead, in the FeoB structures, the electron density peaks
corresponding to the other binding mode of the two Mg2+ ions
are clearly observed (Figure 2). This hexacoordinated chemistry,
with bond lengths of around 1.9–2.1 A˚ and bond angles of
around 90, is a characteristic feature of Mg2+ coordination. In
the GMPPNP-bound structure, a Mg2+ is coordinated by six
oxygen atoms: one each from the b- and g-phosphates of
GMPPNP, the main-chain carbonyl group of Thr30 in the P
loop, and three water molecules (Figure 2B). One of these water
molecules is recognized by Asp69 in switch II. In the FeoB struc-
ture, multiple parts of the nucleotide-binding site are connected
through interactions with Mg2+, but the switch I region is not
involved in the coordination of Mg2+. Another Mg2+ is observed
at a similar position in both theGDP- andGMPPNP-bound struc-
tures (Figure 2). The two g-phosphates of the nucleotides and
the Asn26 residues from both of the asymmetric molecules are
involved in the Mg2+ coordination (Figure 2). In the structure of
GDP form II, a residual electron density peak (Figure S6) was
observed at the similar position of the Mg2+ in GDP form I.
Thus, this Mg2+ might bind to both the monomeric (GDP form II)
and dimeric (GDP form I) structures of the FeoB cytosolic
domain in a similar manner. However, in GDP form II, this puta-
tive Mg2+ is not in a hexacoordinated state, unlike the other355, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1347
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Interactions Between Small-G and GDI-Like DomainsTable 2. Data Collection and Refinement Statistics of FeoB Cytosolic Domain Structures
SeMet
Data collection GDP (Form I)
Space group P21212
Cell dimensions (A˚, ) a = 46.5, b = 107.2,
c = 109.7
a = b = g = 90.0
Peak Inflection High-remote Low-remote
Wavelength (A˚) 0.97918 0.97942 0.96419 0.99515
Resolution (A˚)a 501.50 501.60 501.70 501.70
(1.531.50) (1.631.60) (1.731.70) (1.731.70)
Rsym
a 0.091 (0.479) 0.075 (0.467) 0.080 (0.413) 0.058 (0.375)
I / sIa 11.7 (2.7) 11.2 (2.7) 12.1 (2.1) 12.6 (2.1)
Completeness (%)a 99.8 (99.8) 99.8 (99.9) 99.1 (98.0) 99.1 (98.2)
Redundancya 11.3 (7.9) 11.2 (7.7) 5.7 (4.0) 5.7 (4.0)
Refinement
Resolution (A˚) 1.5
No. reflections 88,234
Rwork / Rfree 0.171/0.217
No. atoms
Protein 4,063
Ligand/Solvent 629
B-factors (A˚2)
Protein 25.6
Ligand/Solvent 41.1
Rmsd
Bond lengths (A˚) 0.005
Bond angles () 0.99
Native
Data collection GDP (Form II) GMPPNP Apo DGDI
Space group P3121 P21 P212121 P41212
Cell dimensions (A˚, ) a = b = 65.2, c = 104.8,
a = b= 90.0, g = 120.0
a =43.6, b= 57.3,
c = 57.3, a = 90.0,
b= 98.0, g = 90.0
a = 57.4, b = 81.5,
c = 128.5, a = 90.0,
b= 90.0, g = 90.0
a = b= 63.2, c= 117.0,
a = 90.0, b= 90.0, g = 90.0
Wavelength (A˚) 1.000 1.000 1.000 1.000
Resolution (A˚)a 50-1.65 50-1.80 50-2.40 50-1.90
(1.68-1.65) (1.83-1.80) (2.44-2.40) (1.93-1.90)
Rsym
a 0.045 (0.395) 0.048 (0.223) 0.048 (0.154) 0.056 (0.311)
I / sIa 20.7 (2.1) 16.3 (3.4) 13.5 (6.3) 20.8 (3.1)
Completeness (%)a 98.3 (97.2) 98.1 (93.1) 85.8 (97.7) 97.9 (92.1)
Redundancya 7.2 (4.3) 3.2 (2.5) 6.1 (4.6) 9.0 (5.4)
Refinement
Resolution (A˚) 1.65 1.8 2.4 1.9
No. reflections 31,207 48,359 23,730 19,032
Rwork / Rfree 0.190/0.256 0.183/0.219 0.189/0.245 0.187/0.219
No. atoms
Protein 2,024 3,895 3,770 1,249
Ligand/Solvent 149 538 180 102
B-factors (A˚2)
Protein 39.8 26.5 71.0 47.8
Ligand/Solvent 42.0 36.7 58.6 56.01348 Structure 17, 1345–1355, October 14, 2009 ª2009 Elsevier Ltd All rights reserved
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Native
Rmsd
Bond lengths (A˚) 0.005 0.005 0.008 0.007
Bond angles () 0.995 0.975 1.08 1.04
Rsym =
P jIavg Iij=SIi:Rwork =SjFo Fcj=SFo for reflections of working set.
a The numbers in parentheses are for the last shell.Mg2+ ions (Figure S6). Considering the ‘‘missing coordinated
water molecules,’’ the Mg2+ binding in ‘‘monomeric’’ GDP form
II might be much weaker than that in ‘‘dimeric’’ GDP form I,
because of the lack of the paired nucleotides fixed by the crystal
packing. The biological relevance of the Mg2+ still remains
unclear.
Intriguingly, no significant structural differences exist in the
switch regions, especially the switch II region, between the GDP-
bound and GMPPNP-bound structures (Figure S4). In the
canonical small GTPases, the residue corresponding to Tyr74
in the switch II region is involved in the activation of a water
molecule for the nucleophilic attack. However, in the
GMPPNP-bound structure, the side chain hydroxyl group of
Tyr74 is located 10 A˚ away from the g-phosphate and thus
cannot act as a catalytic base to activate a water molecule for
the nucleophilic attack (Figure 2B). On the other hand, the
conformations of the switch II regions in GDP forms I and II,
which have different crystal packing interactions, are quite
similar (Figures S3A, S3C, and S4). Therefore, the current
GMPPNP-bound structure is considered to more closelyStructure 17, 1345–1resemble the GDP-bound inactive state, rather than the GTP-
bound active state of the canonical small GTPases.
Novel Interaction Between the G and GDI-Like Domains
The molecular interface between the G and GDI-like domains is
extensive, with a buried surface area of 1,600 A˚2 (Figure 3).
Most of the residues forming the domain interface are highly
conserved, despite the low sequence similarities between the
GDI domains from different species (Figure S5).
The interface can be divided into three parts. The first contact
region is formed by hydrophobic interactions between the C4a
helix in the GDI domain, and the Na3 and Na5 helices and the
Nb6 strand in the G domain (Figure 3A). The residues Val259,
Val262, Val 263, Ala266, and Phe267 in the GDI-like domain,
and Leu111, Leu115, Met128, Ile141, Ile146, and Leu150 in the
G domain form this hydrophobic interface (Figure 3A).
In contrast, the other two contact regions mainly involve polar
interactions. The first contact region is formed between Glu119
in the G domain, and Tyr189 and Lys255 in the GDI-like domain
(Figure 3B). The mutation of Tyr189 to Ala did not strongly affectFigure 1. Structure of FeoB Cytosolic Domain
Stereo view of the GDP-bound FeoB cytosolic domain structure in ribbon representations, highlighting the G domain (green), the GDI domain (cyan), the P loop
(yellow), switch I (red), and switch II (orange). GDP is shown in a stick representation, with the carbon atoms colored magenta. The secondary structure elements
are labeled.355, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1349
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Interactions Between Small-G and GDI-Like DomainsFigure 2. Nucleotide-Binding Sites
(A) Stereo view of the GDP-binding site in a stick representation.
(B) Stereo view of the GMPPNP-binding site in a stick representation. The coloring scheme is the same as in Figure 1. GDP and GMPPNP are shown in stick
representations, with the carbon atoms colored magenta. The b-phosphate of GDP and the g-phosphate of GMPPNP from the symmetrically related molecule
are indicated asGDP’ andGMMPNP’, respectively.Water andMg2+molecules are shown as red and purple spheres, respectively. Hydrogen bonds are shown as
dashed lines. The Asn26 residues of the symmetrically related molecules are colored gray. The Fo - Fc omit maps for GDP, contoured at 6s, and GMPPNP, con-
toured at 5s, are shown as gray meshes.the GTP/GDP binding (Table 1 and Figures S1G and S1H) and
GTPase activities as well as the in vivo function (Table 1 and
Figure S2A). The polar interactions in this region might not play
an important role in the FeoB function. However, to interpret
the importance of the region conclusively, further mutational
analyses will be required.
In another polar contact region, a salt bridge network is formed
by Asp224 and Glu226 in the GDI-like domain and Arg87 and1350 Structure 17, 1345–1355, October 14, 2009 ª2009 Elsevier LtdLys92 in theGdomain (Figures 3B). The salt bridge network forms
a stacking interaction with Tyr78 in the switch II region of the G
domain (Figure 3B). To examine the importance of the salt bridge
network, we generated the D224N mutant (D212N mutant in
E. coli), which would disrupt the salt bridge network, and deter-
mined the effect of this mutation on the nucleotide binding, the
in vitro GTP-hydrolysis, and the in vivo Fe2+ transport. The muta-
tion of Asp224 to Asn affected GDP binding more strongly thanAll rights reserved
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Interactions Between Small-G and GDI-Like DomainsGTP binding (Table 1 and Figures S1I and S1J). The affinities for
GDP and GTP of the mutant were decreased from 14.8 mM and
19.6 mM to 48.8 mM and 30.3 mM, respectively. The increase in
the kcat value of the GTPase activity may explain the increased
Kd value for GDP (Table 1). In addition, the D212N mutant in
Figure 3. G-GDI Interaction
(A andB) Stereo view of the interfaces between the
G and GDI-like domains. The coloring scheme is
the same as in Figure 1. The residues involved in
the domain interaction are shown in stick repre-
sentations. Hydrogen and ionic bonds are shown
as dashed lines.
(C) Close-up view of the switch II region in the
DGDI structure. The viewpoint is similar to that in
Figure 3B.
(D) Schematic representation of the polar interac-
tions between the G and GDI domains. Hydrogen
and ionic bonds are displayed as dashed orange
lines. The stacking interaction is displayed by red
lines. The coloring scheme is the same as in
Figure 1.
E. coli, which corresponds to the D224N
mutant in T. maritima, failed to restore
Fe2+ uptake in vivo (Table 1 and
Figure S2A), although the D224N mutant
still retained the GTPase activity. On the
basis of these results, we can conclude
that the conserved Asp224 residue in the
GDI-like domain, which is involved in the
salt bridge network between the G and
GDI-like domains, is essential for the
GDI function as well as the Fe2+ uptake.
On the other hand, the stacking interac-
tion involving Tyr78 (Figure 3B) is the only
interaction between the switch regions
and the GDI-like domain, although the
Tyr78 residue is not conserved, unlike
the other residues involved in the G-GDI
interaction (Figure S5). However, sponta-
neous cross-linking experiments of Vibrio
cholerae FeoB revealed that switch I,
rather than II, binds to theGDI-like domain
(Eng et al., 2008). To examine the impor-
tance of the stacking interaction, we
generated theY78Amutant (Q69Amutant
in E. coli). The mutation of Tyr78 to Ala
did not affect the GTP/GDP binding
(Table 1 and Figures S1C and S1D) and
GTPase activities as well as the in vivo
function (Table 1 and Figure S2A). There-
fore, the contribution of the switch regions
to the GTPase and iron uptake activities
still remains elusive. Further structural
and functional analyses of these regions
are required.
In other GDI proteins that interact with
eukaryotic small GTPases, the extensive
interactions between the GDI proteins
and the switch regions would specifically stabilize the conforma-
tion of the switch region in the GDP-bound form (Scheffzek et al.,
2000). Therefore, the interaction manner between the GDI-like
domain and the switch region in FeoB is quite distinct from those
in other G-GDI complexes. This unique interaction manner mightStructure 17, 1345–1355, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1351
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Interactions Between Small-G and GDI-Like Domainsprovide a possible explanation for the intrinsically ‘‘weak’’ GDI
activity of the FeoB GDI-like domain alone, which suggests the
necessityof theTMdomain for the fullGDIactivity (Engetal., 2008).
GDI-Like Domain Dependent Structural Change
of the G Domain
Our mutational analysis suggested that the GDP-bound state is
stabilized through the interaction between the G and GDI-like
domains (Figure 3B; Figures S1I and S1J). Therefore, in the
GTP-bound structure, the G-domain might have fewer interac-
tions with the GDI-like domain, which implies that the nucleo-
tide-dependent structural transition of the G domain may have
a weaker effect on the GDI-like domain. A nucleotide-dependent
structural transition is a common feature among the small
GTPases.
However, as mentioned above, the current GMPPNP-bound
structure more closely resembles the GDP-bound inactive state,
rather than the GTP-bound active state, of the canonical small
GTPases. There is no significant structural difference in the G
domain between the GDP and GMPPNP-bound structures
(Figures S3 and S4). We suggest that the structural transition
might be hindered by the crystal contacts in the asymmetric
unit of the GMPPNP form (Figure S3B).
The deletion of the GDI-like domain could facilitate the struc-
tural transition of the G domain. Thus, we solved the structure
of the truncated FeoB cytosolic domain lacking the GDI-like
domain (DGDI, residues 17–179) in the absence of nucleotides
at 2.1 A˚ resolution.
The overall structure of DGDI is very similar to that of the
G domain of the whole cytosolic domain. The Ca RMSD value
between the DGDI and GDP form I structures is 1 A˚. However,
a significant structural difference exists (Figure 3C and Fig-
ure S4). In contrast to the whole cytosolic domain structure
(Figure 3B), the side chain of Tyr78 is flipped away and no longer
hydrogen bonds with the side chain of Asp88 in the DGDI struc-
ture (Figure 3C). The remarkably different orientation of the side
chain of Arg87 pushes Tyr78 out, as a result of the lack of the
interaction with Asp224 (Figure 3C). These structural changes
might weaken the interaction between the G and GDI-like
domains and destabilize the GDP binding, consistent with the
loss of the GDI activity in the D224N mutant (Figures S1G
and S1H).
Taken together, GDP binding would be stabilized through the
interaction between the G and GDI-like domains, and GTP
binding may induce a similar or larger structural change to
weaken the interaction between the G and GDI-like domains.
We believe that the nucleotide-dependent structural transition
should be larger than the GDI-like domain-dependent structural
transition, because the deletion of the GDI-like domain induced
only a local structural change around Tyr78 (Figure 3C), whereas
the mutation of the nonconserved residue Tyr78 did not affect
the in vitro and in vivo functions (Table 1 and Figures S1C,
S1D, and S2).
DISCUSSION
The crystal structures of the FeoB cytosolic domain revealed the
novel interactions between the G and GDI-like domains (Fig-
ure 3). Our mutational analyses demonstrated that the con-1352 Structure 17, 1345–1355, October 14, 2009 ª2009 Elsevier Ltdserved residue Asp224 in the GDI-like domain is essential for
both its GDI (Table 1) and Fe2+ uptake activities (Figure S2A).
The crystal structure of the DGDI form indicated that the deletion
of the GDI-like domain triggered the structural transition of the
G domain (Figures 3B and 3C).
During the revision of our manuscript, the structure of the G
domain, lacking the GDI-like domain, of Methanococcus janna-
schii FeoBwas published (Koster et al., 2009). Overall, the switch
regions and the nucleotide-binding site in the monomeric struc-
ture seem to be consistent with those in our G domain structure.
However, there are several significant structural differences.
First, the M. jannaschii G domain forms a dimer, with the nucle-
otide-binding pockets residing at the dimer interface (Koster
et al., 2009). Although similar dimer formation was observed in
the GDP form I and the GMPPNP form in our structures, the
dimerization manner is different from that in the M. jannaschii
G domain structure. In the M. jannaschii G domain structure,
the switch region of each subunit faces each other (Koster
et al., 2009), whereas the switch I regions are distantly located
across the nucleotide-binding sites in our structure (Figures
S3A and S3B). On the other hand, no dimer formation was
observed for either the GDP form II or apo form in our structures
(Figures S3C and S3D). To define the functional stoichiometry of
FeoB, further structural and functional analyses will be required.
Second, on the basis of the nucleotide-dependent structural
change in the G5 element, Koster et al. (2009) proposed that
the G5 element senses the nucleotide-bound state of the FeoB
G-domain and transmits this information to the GDI-like and
TM domains. In contrast, no significant nucleotide-dependent
structural change was observed around the G5 element in our
structure (Figure S4). Our structure including theGDI-like domain
revealed that the G5 element is distantly located from the GDI-
like domain. Therefore, it remains unclear how the G domain
transmits the nucleotide-binding information to the GDI-like
and TM domains.
On the basis of our G-GDI structure, we discuss a regulatory
mechanism for iron uptake by the FeoB transporter. The TM
domain follows a long C4a helix (residues 241–268) in the GDI-
like domain. A putative TM region (residues 287–307) corre-
sponding to the TM1 helix was predicted using the TOPPRED
program (Claros and von Heijne, 1994). Considering the length
of the putative linker region connecting the GDI-like domain
and the putative TM helix, the C4a helix would be located adja-
cent to the membrane. Analyses of the CorA and MgtE Mg2+
transporter structures (Hattori et al., 2007; Lunin et al., 2006) sug-
gested that substrate binding to their cytosolic domains would
induce the movement of the helices connecting their cytosolic
and TM domains, leading to gating of the ion-conducting pore.
The C4a helix of the GDI-like domain might have a conceptually
similar function to the helices connecting the cytosolic and TM
domains in CorA and MgtE. We speculate that the GDI-like
domain might function not only as a regulator to stabilize the
GDP binding state of the G domain, but also as an effector to
couple the G domain states (GTP- or GDP-binding states) and
the TM domain states (activated or inactivated states) through
the interaction with the switch II region.
In the GDP-bound state, which may correspond to the ‘‘off
state’’ of the FeoB transporter or channel (Figure 4A), GDP
binding would be stabilized through interactions between theAll rights reserved
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(A) GDP-bound inactive state.
(B) GTP-bound active state. The coloring scheme is the same as in Figure 1. The structural elements are labeled. The TM domain is colored yellow-green. Fe2+ is
shown as a brown sphere. The membrane surface is indicated. The structural changes are displayed by arrows.G and GDI-like domains (Figure 3 and Table 1). On the other
hand, in the GTP-bound form (Figure 4B), which would be the
‘‘on state,’’ the G domain may undergo a structural transition
that loosens the interaction between the G and GDI-like
domains. We speculate that the structural transition of the G
domain would induce the reorientation of the GDI-like domain,
especially the Ca4 helix connecting the cytosolic and TM
domains, to activate the iron uptake by the TM domain (Fig-
ure 4B). Furthermore, given that full-length FeoB would be
expected to predominantly exist in its presumably inactive
GDP-bound form, another unknown regulatory factor, such
as a guanine nucleotide exchange factor (GEF), might activate
FeoB to promote iron uptake. To fully understand the iron trans-
port mechanism, including the regulation of iron uptake by FeoB,
the full-length FeoB structures will be required.
EXPERIMENTAL PROCEDURES
Purification and Crystallization
We cloned the sequence encoding the truncated FeoB (residues 17–269) from
T. maritima into a pET28a (Novagen) derivative, including an N-terminal hexa-
histidine tag and an HRV 3C protease cleavage site. The FeoB cytosolic
domain was overproduced in E. coli C41 (DE3) cells and was purified by
heat treatment at 70C and Ni-NTA (QIAGEN) column chromatography. After
the His tag cleavage by HRV 3C protease, the cytosolic domain was purified
by chromatography on a Resource Q (GE Healthcare) ion-exchange column
and a Superdex 200 (GE Healthcare) size-exclusion column. The selenome-
thionine-substituted (SeMet) protein was similarly expressed in B834 (DE3)
E. coli cells and was purified. Crystallization screening was performed using
the sitting drop vapor diffusion method at 20C. Prior to crystallization exper-
iments, MgCl2 and either GDP or GMPPNP were optionally added to the puri-
fied protein solution, to yield final MgCl2 and nucleotide concentrations of
5 and 1 mM, respectively. SeMet crystals in GDP form I were obtained with
the following buffer: 60%–64% 2-methyl-2,4-pentanediol (MPD) and 0.1 M
HEPES (pH 7.5). Native crystals in the GDP form II were obtained with the
following buffer: 25% PEG 3350, 0.1 M Tris-HCl (pH 8.5), and 0.1 M NaCl.
Native crystals in the GMPPNP form were obtained in the following buffer:
60%–66% MPD, 0.1 M HEPES (pH 7.5), and 4% 1-3-butanediol. Native crys-
tals in the apo form were obtained with the following buffer: 62%–64% MPD
and 0.1 M HEPES (pH 7.5). Details of the sample preparations and the crystal-
lization will be described elsewhere (Jin et al., 2009). The DGDI protein wasStructure 17, 1345–similarly expressed and was purified. The native crystals in the apo form
were obtained under conditions with 1.1–1.3 M ammonium sulfate.
Crystallographic Analysis
X-ray diffraction data sets were collected at 100 K under a cold nitrogen
stream, using an ADSC QUANTUM 315 detector on beamline BL41XU at
SPring-8 (Harima, Japan), or using an ADSC QUANTUM 210 detector on
beamline NW12 at the Photon Factory (Tsukuba, Japan). All diffraction data
sets were processed with the programs in DENZO/SCALEPACK (Otwinowski
and Minor, 1997) and the CCP4 suite (Collaborative Computational Project,
1994). The structure of GDP form I was determined by the multiple anomalous
dispersion method, using the SeMet protein. The heavy atom sites were iden-
tified with the program SHELEXD (Sheldrick, 2008). The phases were calcu-
lated using the program SHARP (Terwilliger and Berendzen, 1999). The initial
phases were improved by density modification, using the program SOLOMON
(Abrahams et al., 1996). An atomic model was built with the program COOT
(Emsley and Cowtan, 2004), and was then refined using CNS (Brunger,
2007) and PHENIX (Adams et al., 2002). The final model includes residues
17–268 of molecule A and residues 17–269 of molecule B. The other structures
were determined by the molecular replacement method, using the program
MOLREP (Vagin and Teplyakov, 1997). The GMPPNP-bound structure
contains residues 17–181 and 184–269 of molecule A, and residues 17–45,
50–179, and 184–269 of molecule B. The apo form structure contains residues
17–180 and 183–268 of molecule A, and residues 17–129 and 135–266 of
molecule B. The structure in GDP form II contains residues 17–268. The B
factor value of the switch I (51.3 A˚2) region is higher than the overall B factor
value (44.9 A˚2). The DGDI structure contains residues 17–134 and 141–177.
Molecular graphics were created with PYMOL (Delano, 2002). The refinement
statistics are summarized in Table 2.
Preparation of FeoB Mutants
The point mutations of the FeoB cytosolic domain (residues 17–269) were intro-
duced using QuikChange (Stratagene) mutagenesis. The wild-type and mutant
proteinswerepurifiedbyheat treatmentat 70C, followedbyNi-NTAandSuper-
dex 200 size-exclusion column chromatography for the biochemical analysis.
GTPase Activity
The GTPase activity assay was performed in a reaction (20 ml) containing
100 pmol FeoB, 5–80 nmol [g-32P]GTP, 20 mM Tris-HCl (pH 7.6), 5 mM
MgCl2, and 50 mM KCl. The initial rate of GTP hydrolysis was determined
from the amount of inorganic phosphate liberated in 1 min, as described else-
where (Uchiumi et al., 1990). Graphs and associated statistics were generated
by using GraphPad Prism version 2.0 (GraphPad Software, San Diego, CA).1355, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1353
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The thermodynamic parameters of the interactions between theFeoBcytosolic
domain and the nucleotides (GTP or GDP) were determined using a VP-ITC
calorimeter (MicroCal) under conventional conditions at 30C, as follows. The
purified wild-type and mutants (D132N, Y189A, and D224N) of the FeoB cyto-
solic domain (residues 17–269) were dialyzed against 20mMTris-HCl (pH 7.6),
50 mM KCl, and 5 mMMgCl2, and the dialysis buffer was used to dissolve the
ligands (GDP or GTP). The protein concentration in the cell ranged from 110 to
230 mM, and the ligand (GTP or GDP) concentration in the syringe ranged from
1mM to 2.65mM. The heat of dilutionwasmeasured by injecting the ligand into
the buffer solution or by additional injections of ligand after saturation. The
values obtained were subtracted from the heat of the reaction to obtain the
effective heat of binding. Thermogram data were analyzed with the program
Origin 7 (MicroCal), assuming one set of sites.
Fe2+ Uptake Complementation
A DNA fragment from the fhuF promoter region was PCR amplified using the
following DNA primers, fhuF-U (50-GGGAATTCAGCGTACGTTGCAACAT
GAT-30) and fhuF-D (50-GTTCACGATGTTTTGCGATC-30). The DNA fragment
was digested with EcoRI and BamHI and was ligated into the same restriction
sites of pMC1403 (Casadaban et al., 1980), thus giving rise to the reporter
plasmid pFhuF-lacZ, containing the promoter, the Fur-binding site, and the
initial coding region sequences. The His-tag derived from the pET15b vector
was added to the plasmid to monitor the expression of the protein. The
reporter construct was then transferred to the lambda phage vector lRZ5
and was stably lysogenized into the lac region-deleted E. coli strain
MC4100, as described elsewhere (Ito et al., 1993). The feoB::miniTn10(Kanr)
knockout allele, derived from the systematic transposon disruptant E. coli
strain JD25117 (The National BioResource Project: E. coli), was transferred
to the lysogenic strain by P1 phage transduction, thus giving rise to the Fe2+
uptake assay strain RM839 (MC4100 feoB::miniTn10(Kanr) lRZ5(fhuF-lacZ)).
Plasmid transformants were streaked on LB-agar plates with X-gal (0.2 mg/
ml), selective antibiotics (chloramphenicol, 15 mg/ml), and/or additional Fe2+
ammonium sulfate (400 mM). The growth and color were monitored at 37C.
The expression of the E. coli wild-type FeoB and mutant proteins in the
membrane fraction was confirmed by anti-His tag Western blotting, as follows
(Figure S2B). Cultures of the E. coli cells (3ml) were harvested in 300 ml of buffer
A (50mMHEPES-NaOH [pH 7.0], 150mMNaCl, 0,1mMphenylmethylsulfonyl-
fluoride [PMSF], and 4 mM b-mercaptoethanol), sonicated, and centrifuged.
The supernatants were ultracentrifuged, and the pellets of the membrane frac-
tions were homogenized with 25 ml of buffer A. The membrane fractions were
mixed with sample buffer containing 4% b-mercaptoethanol, separated by
12.5%SDS-PAGE, and electrotransferred to a PVDF (polyvinylidene difluoride)
membrane. After blocking in PBS buffer containing 1% nonfat dry milk and 1%
Tween-20, the PVDF membrane was incubated with an anti-His-probe (Santa
Cruz Biotechnology) (1:3000), followed by an incubation in the presence of
a rabbit IgG HRP (horseradish peroxidase)–linked antibody (Santa Cruz
Biotechnology) (1:3000). The PVDF membrane was developed with Chemi-
Lumi One (Nacalai Tesque). The signals were quantitated with an LAS-3000
imager (FUJIFILM).WeusedDr.Western (Oriental Yeast) asmolecularmarkers.
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